Three membranes are analyzed attending to their retention, flux and fouling when used to nanofiltrate sugars in red grape musts. With high molecular weight compounds, fouling develops from initial pore blocking to final cake deposition. A decrease of resistance appears due to a decrease of the effective transmembrane pressure and cake compaction. The final effective pore size corresponds to that of the compacted cake.
Membrane technology has been increasingly used in the beverage industry. For example, it is considered as an alternative concentration method of grape must [1] . This plays an important role in the beverage and wine industry since it contributes to the preservation of must and the concentrate is a natural sweetener in wine production, and a vitamin-and aroma-rich drink.
If the molecular weight of sugars in must is taken into account, nanofiltration, NF, is the membrane process to be chosen to retain them. It has been successfully used to increase the sugar content of grape must (to increase the final alcohol degree) in wine production [2] . Using a two stage NF process of grape must, Versari et al. [2] obtained relatively high sugar retentions (7-97%).
Moreover, in their work García-Martin et al. [3, 4] studied the sugar reduction in musts by a two stage nanofiltration process to obtain wines with a slight alcohol reduction.
One of the main difficulties of NF technology is membrane fouling.
Fouling in general causes deterioration in permeate quality and quantity, and eventually leads to an is unavoidable membrane replacement [5] .This is because the dominant fouling mechanism in NF processes is the formation of a layer (a "cake") that can significantly degrade membrane performance [6] . The conventional cake filtration theory consists form a corpus developed by Ruth [7] and successive researchers [8] [9] [10] [11] [12] . This approach states that during filtration, the cake thickness increases with time. In most cases, it also becomes more compact and its resistance to fluid flow increases accordingly. The main features of the dynamic behavior of cake filtration are the variation of the cake thickness, the evolution of the cake structure, the specific cake resistance and the total filtrate for a specified set of operating conditions [13, 14] .
Fouling mechanisms during membrane filtration processes (i.e. Micro, MF, and Ultrafiltration, UF) have been studied in deepness along the last century [15] [16] [17] [18] [19] [20] .
Subsequently, Schippers and Verdow [21] studied the mechanisms involved during the performance of Reverse osmosis, RO. More recently, Listiarini et al. In our previous work [23] , a method was proposed to allow studying individually the resistances and fouling mechanism generated by low and high molecular weight solutes, LMW and HMW respectively, in red grape must NF.
The aim of the present work is to analyze in deepness the fouling mechanism, osmotic pressure and resistances of different NF membranes during the filtration of commercial grape must. Moreover, the assessment of these results and their influence on the performance of the NF membranes will conduct to the selection of the most appropriate one for sugar control in grape must.
For this purpose, the methodology suggested in previous studies [23] was applied in order to analyze individually the influence of LMW and HMW compounds.
2.
Theory.
Permeate flux decrease and retention model.
When the overall filtration process is taken into account, the flux through the membrane per unit of membrane area can be written in terms of the applied transmembrane (hydraulic) pressure, ∆p h,s , the osmotic pressure gradient, ∆π s , the viscosity of the solution that goes through the pores of the membrane, η p , and the system resistance. This is the sum of the membrane resistance, R m , and the terms that depend on the fouling caused by the LMW, R fLMW , and the HMW, R fHMW , solutes [24] [25] [26] [27] . In this way the permeate flow, J v , can be calculated Since the concentration of ionic species (potassium, calcium, sodium and magnesium) is similar on both sides of the membrane and the concentration of organic acids is much lower than that of sugars [23] , the increase of osmotic 
Here, M i is the molar weight of the i-th component, N is the number of components contributing to the osmotic pressure drop through the membrane system (here N=2 and i is glucose and fructose), R the gas constant and T the temperature. C m,i and C p,i are the concentrations on the membrane system interfaces at the feed and permeate sides respectively. 
Fouling mechanisms.
Compared to the solute size, NF membranes are provided with pores of a very small size. Hence, fouling mechanisms where it is assumed that all the solute molecules plug a pore (complete blocking); or are deposited inside the pores (standard blocking) seem inappropriate. Rather, molecules could deposit on other previously settled on the membrane surface or directly plug a pore as assumed in the so called intermediate blocking. Therefore, for the synthetic solution nanofiltration, so as for the first steps of must nanofiltration, flux decay should be caused by the intermediate blocking mechanism according to [19, 20] :
( ) ( ) 
where the kinetic constant κ c (in sm -6 ) is twice the Modified Fouling Index [21] ,
MFI, that is defined as the slope of the plot of t/V P versus V P .
Pressure drops along the membrane system.
As mentioned, in cake filtration mechanisms such as grape juice filtration, the feed passes through two contributions to the overall resistance that are placed in series: that of the membrane and that of the layer formed due to the fouling (cake).
In the same way, the effective applied pressure drop, the hydraulic pressure applied and the osmotic pressure through the membrane system at any time should be the sum of the contributions in the membrane and the cake.
Then: 
Where: Then, by Eqs. (6) and (7), Δp h,k can be calculated. Then all the terms of pressure drops along the membrane system could be evaluated by using Eqs.
(5) and (6).
Specific cake resistance. Principles of cake filtration.
The cake sheet formed over the membrane consists in a thin layer of solid particles through which the permeate flows. The specific cake resistance represents the fouling resistance caused by the fouling layer on the membrane, R f , normalized by the accumulated cake mass per unit of membrane area [22] , so
Thus, according to Eq. (1) for the cake:
where m c is the mass of the cake deposited on the membrane surface. 
where γ is a particle deposition factor (less than unity) that accounts for the reduction of cake mass due to its partial removal induced by the crossflow conditions. This coefficient was first proposed, by Sioutopoulos et al. [28] , in order to extrapolate specific cake resistance calculations to cross flow conditions. Therefore Eq. (9) could be used to evaluate α if C b is known, and Eq. (10) can be used to get Δp eff,c .
In order to calculate C b along the filtration process, the following assumptions must be made:
1. The global concentration of foulants is considered to be that of the total dry extract of must, C DE , which includes all matter that is non-volatile.
This concentration was defined and determined in accordance to the OIV methods [29] . These procedures require weighting at a temperature of 70 ºC under vacuum of 25 mmHg until measuring a constant weight.
2. All the HMW compounds are always retained by the membrane; therefore the mass of these particles in the retentate side, m HMW , is considered to be constant during the process.
3. Only the variation of the concentrations of glucose and fructose in the retentate were taken into account since their concentration is so high that the variation of the other LMW is considered negligible.
In accordance to these ideas, the concentration of HMW can be obtained as
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where m TR (t) is the total sugar content and V R (t) the volume of the retentate at the filtration time t. Then, by using Eqs. (11) and (7), Eq. (10) can be used to calculate α.
Another strategy could be used for the estimation of α. In effect, according to Eqs. (1), (4) and (10), κ c (that can be determined from the flux kinetics according to
where, Δp eff,s is known because Δπ s can be evaluated by eq. (2).
Pore size evolution.
Apparent pore size can be used to study flux decay through the analysis of its evolution. In order to estimate pore size, the Donan Steric and Partitioning model was used, with the introduction of the applied pressure gradient term as has been previously described [30] . In these terms, the retention coefficient that a NF membrane presents can be written as
In this expression, the steric partition coefficient is
r r if a cylindrical geometry is assumed for the pores, being r i and r p the i-th component and pore radii respectively. The dimensionless Peclet number is given by: For the viscosity inside the pore, the model proposed by Wesolowska et al. [32] is adopted, leading to: 
where y = d/r p , and d=0.28 nm.
Through this set of relations, the retention coefficient, R, is a function of the pore radius, r p . From a set of data of, J V and R, the pore radius could be estimated as the free parameter in the best fit to Eq. (17). In this work, instead of using the whole data set to estimate a unique r p average value, each pair of values (J v , R) were used to calculate the corresponding r p from Eq. (17). As the filtration process modify flux rate and retention coefficient along the process, r p changes with time too.
3.
Materials and methods.
Membranes and experimental set-up.
Three different nanofiltration flat sheet membranes were tested: NF270
from Dow -Filmtec (the flatsheets were kindly supplied by the manufacturer); 
Synthetic solution and commercial grape must.
Two NF processes were performed for each membrane. Firstly, a synthetic solution prepared in the laboratory containing the main low molecular weight compounds (LMW) of grape must was filtered. These are namely glucose (Glu), fructose (Fru), malic and tartaric acids, potassium, sodium, calcium and magnesium. The concentrations of this synthetic solution were the same that those reported in a previous work [23] Then it was carried out the filtration of commercial red must, which also contains high molecular weight compounds (HMW) such as polyphenols, polysaccharides and proteins. Attempting to reproduce the same conditions as in the first filtrate, the experiments with grape must were made using a brand new membrane flat sheet. 
Experimental protocol.
The experimental protocol can be summarized as:
1. Membrane compaction was performed during one hour using Milli-Q water at 3510 5 Pa, 20ºC and a recirculation flow of 5 L/min, in order to avoid irreversible changes during operation. Under these conditions water permeability was determined. This measurement was repeated before and after all filtration and cleaning steps.
2. The membrane was soaked in the synthetic solution for 12 hours at 20-25ºC. This was done to allow an initial deposition of foulants.
3. Nanofiltration of the synthetic solution of LMW at the operating conditions mentioned in 3.1.
4. Then, the membrane was cleaned with soft water at low pressure, under the same operating conditions of temperature and recirculation flow, during one hour sending both permeate and retentate to the drain.
Afterwards it was rinsed with Milli-Q water using at least a volume equal to the system hold-up volume and sending the permeate and retentate to the drain too. Finally, the hydraulic permeability was measured.
5. Compaction and determination of hydraulic permeability of a new membrane sheet (step 1).
6. Soaking of the membrane in commercial red must during 12 hours with the same purpose as in step 2.
7. Nanofiltration of commercial red must at the operating conditions mentioned in 3.1.
8. A two stage membrane cleaning procedure consisting in a water rinse step followed by the use of a tensoactive solution of 0.1% sodium dodecyl sulfate as described in [23] . After each step, hydraulic permeability was measured. As mentioned, the filtration of both the synthetic solution and the red must were carried out in a batch concentration mode. The permeate was sent to the thermostated permeate vessel in order to collect it and the retentate was recirculated to the thermostated feed vessel. The experiments were performed until the permeate flux decreased to a more or less constant value for a reasonable period of time (which depended on the membrane).The volumes filtered were of the order of 2.5L of both, synthetic solution and red must.
Deposition factor (γ γ γ γ)
A significant issue is the extent to which the cross-flow operation may affect the particle deposition on the membrane surface and therefore the specific cake resistance. In the present investigation, a deposition factor γ was estimated by determining the ratio of the true amount of must foulants deposited on each membrane surface over the theoretical one.
The true mass deposition was determined by calculating the mass difference between each fouled NF membrane and the respective new one. For this purpose, red must filtrations were performed using the three membranes.
Pieces of both, fouled and clean, for each membrane were dried under temperature (70ºC) and pressure (25 mmHg) until measuring a constant weight and the mass difference was measured. These conditions were established by the OIV [29] for grape and wine dry extract determination.
The theoretical cake mass was calculated by considering that all the dry extract of must filtrated was attached to the cake layer on the basis of the total permeate volume of each membrane test. Topography of the active layers was also studied through AFM. Images were acquired in the tapping mode at room temperature, with a Nanoscope IIIA microscope from Digital Instruments (of the Veeco TM Metrology Group). The tip was an Olympus TM OTESPA7 made out of an etched silicon probe aluminum coated with a length of 14 µm and an end with a radius of 7 nm. This allowed the minimization of the undesirable convolution of the tip shape and the membrane surface topography. Images were processed by means of the Nanoscope software version 5.30r3.sr3.
4.
Results and discussion. Table 2 . It is clear that after the filtration and rinse of the synthetic solution, water permeability was slightly reduced for the three membranes. The main differences were detected after must nanofiltration and cleaning procedure. The SR3 membrane presented the highest permeability recovery (93%), followed by the HL membrane (70 %) and finally by NF270 (65 %). This means that SR3
Permeate flux and permeability.
has the most reversible fouling, presumably due to a less adhesion of molecules on the membrane surface or inside the pores.
TABLE 2
The permeate flux of the synthetic solution and red must filtrations for each membrane are plotted in Figure 2 . In all cases, a decay of flux is observed. Here it can be noticed that the NF270 membrane has clearly the highest flux of the synthetic solution, followed by SR3 and HL. Bigger were retained by all the membranes, especially by NF270 and SR3. NF270
presented the highest retention values (around 0.8) followed by HL (ranging from 0.65 to 0.72) and finally by SR3 (between 0.44 and 0.52); which is in accordance with the estimated radius for each of them, as we will show below.
These retentions do not agree with the nominal data shown in Table 1 .
According to them, the SR3 membrane is the most retentive one for MgSO 4 while NF270 is the less retentive. This different salt rejection could be due to the charge of the membranes and/or to their hydrophillicity. Given that the three membranes have quite similar isoelectric points, around pH=3.5 [33] [34] [35] , the difference must be mainly attributable to their contact angles. In fact, SR3 is the most hydrophobic membrane (see Table 1 ) [34, 36, 37] , what should explain its high retention of a charged and hydrated salt as MgSO 4 .
However, as it is shown in Figure 3b , the presence of HMW compounds modifies the retention characteristics of the three membranes. The initial retention falls drastically, between 0.2, for SR3 and 0.4 for NF270, keeping the same order, as for the synthetic solution, for the three membranes. Subsequent filtering leads to an increase in retention. This long time increase of retention occurs equally for the three membranes, although much steeply for SR3; this membrane and HL present values of R around 0.9, well above the value (0.8) around which the NF270 finally stabilizes.
This evolution, when HMW compounds are present, must be attributed to the formation and thickening of a gel layer on the membrane surface that acts as a pseudo-membrane which lowers the passage of sugars through the membrane by changing both: selectivity and permeability of the overall Figure 3b , the influence of this pseudo-membrane on the membrane retention is more significant in the case of SR3.
Analysis of the fouling mechanisms.
In order to analyze the fouling kinetics of both the synthetic solution and the red must filtrations in a quantitative way, the previously outlined fouling models [19, 20] Table 3 . The highest κ i was obtained for HL, followed by SR3
and finally by NF270. Table 3 .
In Figure 4b , the corresponding flux decay for the red must filtration is shown for the three membranes studied. The kinetic constants are also shown in Table 3 . The fastest kinetics corresponds now to NF270 followed by HL and finally by SR3 -the order of decreasing initial sugars retention (see Figures 3a and 3b). What seems reasonable, because more retention would lead to more deposition and consequently to faster flux decay. Note that κ i for NF270 was the lowest one (slowest kinetics) for the synthetic solution, while it is the highest Eq. (4) corresponding to the "cake formation" mechanism is plotted in Figure 5 . Here it is clearly seen that, for the three membranes, this mechanism is followed after the initial intermediate blocking during nanofiltration of must. In general, the three membranes suffer little pore blocking, especially SR3, where this mechanism seems to occur only during the first 30 mL of filtration. It is worth noting that in the three cases, the cake filtration mechanism seems to be divided into two steps: cake formation and cake formation with compaction. In any case both, the cake fouling steps, are faster for HL and the corresponding initial κ c is relatively low for SR3 while the final κ c is lower for NF270 (less compaction). The values of these kinetic constants are shown in Table 3 . In Figure 7 , two SEM pictures of an HL membrane before and after fouling are showed. The two pictures correspond to a 20 µm in size. The picture after fouling shows a small square area that was imaged previously to the big one but also after fouling. It seems clear that the electron beam damaged the cake layer. The same procedure on the unfouled membrane didn't leave any similar trace. The resistances to J V due to the presence of LMW, R fLMW , and HMW, R fHMW , were determined and analyzed individually. The values of R fLMW for the synthetic solution were calculated according to Eqs. (2) and (4) with R fHMW =0.
The kinetics of R fLMW for each membrane during the filtration of the synthetic solution filtration is shown in Figure 8a . In this case, NF270 presented the lowest values of resistance due to fouling, followed by HL and by SR3. This was to be expected because this order appeared also in retention as was shown in Figure 3a . Higher retentions lead to increasing viscosity and osmotic pressure that resulted in higher resistance to flux and also to faster fouling according to their corresponding κ i in Table 3 .
The correlation between R fLMW and the total sugar concentration (glucose and fructose) on the membrane surfaces, C mT is shown in Figure 8b . There, it can be seen that the correlation between R fLMW and C mT is practically linear, so it can be concluded that the resistance due to the accumulation of sugars on the membrane surface is proportional to their surface concentration. When C mT is similar for the three membranes (shadowed zone in Figure 8b ) the SR3 membrane has the lowest resistance due to low molecular weight compounds,
Figure 8
In the case of red must filtrations, the values of R fLMW were determined by the calculation of C mT and the use of the correlation between R fLMW and C mT obtained for the synthetic solution. Replacing R fLMW in Eqs. (2) and (4), the values of R fHMW were determined for each membrane. Figure 9 shows the increases progressively until reaching a maximum beyond which there is a gradual small decrease. This mechanism is clearly followed by SR3 (Figure 9c ).
In all cases, R fHMW has more influence on the J V decrease, but this phenomenon seems to be lower for the SR3 membrane (Figure 9d ). It is interesting to relate the cake fouling mechanism ( Figure 5 ) with the resistances analysis (Figures 8   and 9 ).For the three membranes, the maximum R f (or R fHMW agrees fairly well with the beginning of the third fouling mechanism, where the cake starts to be compacted.
Figure 9
The specific cake resistance, α (total resistance divided by the mass deposited per unit membrane area) (see Eq. (9)), can help to somehow normalize the resistance to permeate flux due to the fouling generated by all the species present in red must (R f ). As mentioned in section (2.4), there are two methods proposed for the estimation of the specific resistance. First, the specific cake resistance was calculated using Eq. (15) with C b evaluated by Eq.
(14). For this purpose the numeric derivative of (t/V P ) versus V P ( Figure 5 ) is performed to get κ c /2. In this calculation, all the cake formation mechanism (with and without compaction) was included. This was considered appropriate to describe the evolution of this parameter along the complete filtration. This differs from the methodology applied by Listiarini et al. [5, 22] where a linear regression was performed including only the portion corresponding to the cake filtration without compression. The deposition factor γ was estimated for each membrane in order to take into account the incomplete foulant deposition giving the values shown in Table 3 . Note that γ follows the tendency of κ c (second step). that this parameter shows also a maximum followed by a slight decrease. The arrows correspond to the maximal values of R f for each membrane, which are near the zone of maxima for their specific cake resistance. As expected, the highest α was shown by HL followed by NF270. SR3 presented the lowest values during the first period of filtration (around 175 mL) afterwards the resistance increases following the tendencies appearing in κ c (see Figure 6 ).
The results obtained for the resistances (R f and α) and even for the cake formation mechanism for SR3 explain its different flux decline trend. The less sharp flux decline during the beginning of red must nanofiltration is due to a lower cake formation with a low resistance (R f and α). But later, the progressive formation and mainly the compaction of the cake cause a flux decay to values close to those for the other two membranes.
Figure 10
The second method proposed is the estimation of the specific resistance α by using Eq. (19) and the experimental data. In Figure 11 , the experimental total fouling resistance, in fact evaluated by using Eqs. (2) and (4), is compared with that evaluated from the specific resistance α by using Eqs. (9) and (15), for the SR3 membrane. It can be appreciated that the calculated R f follows the same trend as the experimental one. Note that around maximal resistances, the fouling kinetics give values for the resistance which are close to those directly obtained from the Hagen-Poiseuille equation. For shorter time filtrations, fouling kinetics underestimates (while for longer filtration times it overestimates) the total fouling resistance. This can be attributed to the fact that the fouling kinectics predicts a low cake formation and for longer periods the cake mass is over estimated. All in all, Figure 11 shows that the method proposed for the estimation of α using the fouling kinetics is acceptable since it describes the behavior of the experimental data specially in the period where the cake should be completely formed (before its compaction). Pore radii were calculated as the value that minimizes the sum of squared residuals, (R cal -R exp ) 2 for each data set, following the theoretical model explained in section 2.5. The fitted dependence between R and J V obtained for the synthetic solution is plotted in Figure 12a using grey curves. Evidently, it is worth noting that the model was elaborated for a membrane with a constant average pore size, r p ; while it seems clear that in our case the effective mean pore size should change during the process of filtration due to the corresponding fouling process that includes pore blocking. Thus, the gray lines in Figure 12a correspond to the mean pore size of the membrane during the filtration process. The average deviation of the experimental results of retention from the theoretical retention curves in Figure 13a are evaluated and shown in In spite of the final convergence in equivalent pore radii, initial details do show differences between the membranes, especially between SR3 and the other two. Figure13 shows a clear and pronounced drop of pore radii during the very first filtration moments for NF270 and HL. This happens as a consequence of the pore blocking explained in previous paragraphs. In contrast, for SR3, the pore radius does not show any significant initial decrease.
Figure 11
It appears clear that, for HL and NF270, pore blocking is the main factor determining the effective pore size with a final smooth additional reduction of pore size caused by the formation of the cake. The SR3 membrane is only slightly influenced by pore blocking with a final deep reduction due to the cake deposit and its compaction.
The arrows in Figure 13 correspond to the maximal resistances ( Figure   8 ). Thus, it seems clear that maximal resistance occurs when the rhythm of decrease in pore size due to the cake formation starts to stabilize. This is especially apparent for the SR3 membrane. Figure 14 shows the evolution of osmotic pressures and total effective pressures through: the global membrane system, the whole membrane and the cake itself.
Pressure drops.
Referring to the osmotic pressure (figure 14a), it increases for the cake and the global membrane system (that seems to be controlled by the cake) and decreases for the membrane itself with time (permeated volume). Note that the maximum rate of change for all the osmotic pressure terms appear when the fouling resistance R f has its maximum. Note that, in this case below, this maximum there are negative osmotic pressures for the cake what means that It seems clear (see Figure 14b ) that the effective pressure drop through all the components of the membrane system and through the global system decrease with time (permeated volume) and that the maximal fouling resistance appears when these pressure drops decrease faster. It seems also clear that most of the effective pressure drop happens through the cake.
It can be concluded that, in our case, the maximum in the fouling resistance and the appearance of a change in cake kinetics appear when the osmotic pressures acts reducing substantially and quickly the effective pressure. Regarding to the passage from negative to positive osmotic pressures for the cake this would happen when the cake is completely build due to compression followed by a gradual (slower) compaction with an increase of the concentration at the feed-cake interface.
Note that, for the three membranes, when the osmotic pressure of the system starts to increase, sugars are retained at their maxima by the membrane system, as can be seen in Figure 3b .The highest R fHMW , R fLMW and R f correspond to the beginning of the high retention plateau. This is especially clear for the SR3 membrane. So, as already mentioned, the sugar retention increase can be attributed to the formation of a cake layer on the membrane surface but its compression (and the corresponding osmotic pressure increase through the cake and subsequently through the membrane system) may be the cause of the significant retention increase that stops increasing when cake is completely built.
Figure 14

Conclusions
We have systematically studied the fouling mechanism and resistances and their influence on the performance of three different NF membranes proposed The fouling kinetics when high molecular weight compounds are present consists in three consecutive steps: An initial pore blocking step followed by a cake deposition phase and an increase in compression until arriving to compaction giving a slower kinetics. When the cake is completely well assembled, the sugar retention has arrived to the maximum and osmotic pressure of the system increases as to reduce the effective pressure. This later causes a decrease of cake resistance that was increasing until this moment.
The evolution of retention and the effective pore size reveals the convergence of the effective pore size to that of the cake after compaction.
Moreover, when the cake is completely built, its compaction promotes an increase of the concentration at the feed-cake interface causing a passage from negative to positive osmotic pressures for the cake.
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